We study the two-dimensional superconductor-insulator transition (SIT) in thin films of tantalum nitride. At zero magnetic field, films can be disorder-tuned across the SIT by adjusting thickness and film stoichiometry; insulating films exhibit classical hopping transport. Superconducting films exhibit a magnetic field-tuned SIT, whose insulating ground state at high field appears to be a quantum-corrected metal. Scaling behavior at the field-tuned SIT shows classical percolation critical exponents zν ≈ 1.3, with a corresponding critical field Hc
I. INTRODUCTION
The common approach to understanding disordered two dimensional electron systems like amorphous thin films is to assume that as the temperature T approaches zero, they can be either insulating (I) or superconducting (S). Driving them across the S-I phase boundary with disorder or magnetic field was predicted to realize a quantum phase transition -the superconductorinsulator transition (SIT) 1 . Early experimental and theoretical studies of the SIT addressed the nature of an amplitude or phase dominated transition -see Ref.
2 for reviews -while more recently, evidence for unconventional ground states proximal to the SIT has emerged. These include metallic phases [3] [4] [5] precluded by the scaling theory of localization 6 as well as a Bosonic "Cooper-pair insulator" ground state 7, 8 . Further, the nature of the transition itself shows different regimes of behavior with changes in the degree of material disorder.
The limit of strong disorder 9 reveals a direct, selfdual superconductor to Bosonic-insulator transition 10, 11 . When disorder is weak and the normal state shows quantum-corrected metallic behavior, the field-tuned SIT shows distinct critical behavior from the strong-disorder case 3, 12 that is interrupted as T → 0 by a still unexplained and controversial metallic state. Observed in a range of amorphous 13, 14 and crystalline 15, 16 materials, a theoretical consensus has yet to emerge to explain this metallic behavior [17] [18] [19] [20] [21] ; recent experiments confirm it to be of "failed" superconducting character 22 . What separates the strong-and weak-disorder behavior regimes remains unclear, and may be due to the inhomogeneous and/or granular nature of the disorder, properties of the normal state, or properties of the proximal superconductivity. As yet there are few systems where careful control of the materials system can be combined with studies across both the disorder-and field-tuned SIT.
The field-and disorder-driven suppression of superconductivity has been studied in 2D intermetallic films, such as NbSi, TiN, NbN, MoGe, and amorphous indium oxide (InO x ) 12, [23] [24] [25] [26] . Notably, TiN shows what appears to be a direct field-tuned SIT and unexpected metallic saturation in the high-field insulating state 27 , while both NbSi and NbN can be tuned via thickness or composition across the disorder-driven SIT. 28, 29 Tantalum thin films show a metal intervening in the SIT as a function of field and disorder. Qin et al.
14 studied field-tuned transitions of several nm thick Ta films, observing hysteretic I-V characteristics and metallic saturation of the resistance a low temperature similar to that observed in MoGe 3 and arguing that it is not a simple heating effect 30 . In subsequent work 31 , I-V characteristics were used to identify superconducting, metallic, and insulating behavior, while very recent studies have examined critical scaling in both the superconducting and metallic phases 32 . In pure Ta there is no direct SIT; a metallic phase appears to intervene at all disorder strengths accessible by tuning the film thickness. These differences between materials families raise a central question: how does the SIT evolve under alternative disorder tuning parameters.
Here we study a strongly spin-orbit coupled binary metal nitride system, amorphous tantalum nitride (a-TaN x ), where the disorder can be controlled by tuning film thickness and composition. The most disordered films show hopping transport at low temperatures, with no evidence for superconductivity. Weakly superconducting films can be driven into an insulating state beyond an applied magnetic field H c , and show a temperatureindependent crossing point at H c and finite-size scaling in ρ xx that is the hallmark of the SIT. We also report similar crossing and weak scaling behavior in the Hall effect ρ xy , previously observed only in InOx 33 , with a non-universal value for the critical Hall resistivity ρ c xy . Along with evidence for unusual metallic behavior on the insulating side of the field-tuned SIT, similarities with other materials point towards a universal superconductor-weak insulator transition (SWIT SIT.
This article is organized as follows: sample growth and characterization data are presented in Sec. II, while lowtemperature transport data and the disorder-tuned SIT are described in Sec. III. The behavior in the vicinity of the field-tuned SIT is described in Sec. V, with scaling analyses considered in detail in Sec. VI. Section VII describes the Hall effect in the vicinity of the field-tuned SIT, where a crossing point and faint scaling appears above the critical field H c . Finally, Sec. VIII summarizes the disorder and field-tuned SIT phenomenology in a-TaN x and discusses their implications.
II. FILM GROWTH AND CHARACTERIZATION
We study reactively sputtered a-TaN x films, most with thickness d ∼5 -20 nm, as described in part in previous work 34, 35 . Reactive sputtering with a tantalum target in a background Ar/N 2 mixture is a common technique for growth of TaN films [36] [37] [38] . In sputtered films, superconductivity with T c between 5 and 10 K has been shown to be stable for a range of nitrogen stoichiometries 39 ; thick films can show T c values as high as 10.9 K 39-42 . Our films are grown using a commercial AJA reactive magnetron sputtering tool and pure Ta target in flowing Ar-N 2 gas. The Ar/N ratio controls the film Ta/N stoichiometry (and related film properties, such as the room temperature value of ρ xx ) [36] [37] [38] . Base pressure of the sputter deposition system was ≈ 10 −8 torr. Films were co-deposited onto several substrate materials, including intrinsic Si, Si with SiO 2 and Si 3 N 4 buffer layers, and glass; aside from few-percent quantitative differences in film properties (such as the room temperature resistivity ρ xx ) we found no sensitivity of film parameters to the choice of substrate. All substrates were Ar-ion plasma cleaned before sputtering. Pure Ta (and Ta-rich) films were also sputtered in identical conditions and comparable behavior to previous studies 14 ; results from one Ta-rich film (N3) are included below for comparison.
Several parameters can be used to tune to the disorder in a-TaN x (as reflected in e.g. ρ xx at room temperature), including thickness, N 2 partial pressure (and therefore stoichiometry x), and other synthesis conditions. Here we control the effective film disorder by changing the thickness and (for the d ∼ 5 nm films) nitrogen stoichiometry. Table I shows the film growth and characterization parameters, including the stoichiometry x, thickness d, and electronic properties (discussed further below).
We characterize the film thickness, morphology, chemical composition, and homogeneity with a range of techniques. TEM measurements (Fig. 1) reveal the homogeneous and disordered a-TaN x film in sample N2 on a Si substrate; this film is 4 nm thick and approximately stoichiometric. The a-TaN x film cross section is enlarged in Fig. 1B ; the scale bar in this panel is 4 nm. X-ray photoelectron spectroscopy (XPS) measurements confirm the film stoichiometries, with an accuracy of ≈ 10%, shown in Tab. I; depth profiling uncovers a ∼1 nm surface oxide layer on all films. A schematic of the film cross section including a the Si substrate, a-TaN x film, along with interfacial SiO 2 and TaO x layers (with roughness ∼0.5 nm) is shown in Fig. 1C . Scanning atomic-force microscopy measurements, shown in Fig. 1D for sample N2, show excellent homogeneity in the film thickness. The rms roughness is 0.1 nm (or 2% of the TaN layer thickness) over a ∼ 1µm 2 region, with no evidence for granularity or inhomogeniety on this scale. (The full range of the color scale in Fig. 1D is 2 nm.) Scanning electron microscope imaging also showed no sign of inhomogeniety at the 10 nm length scale.
Figure 2A presents x-ray reflectivity data for two films (N2 and N3) and best-fit model curves (continuous lines). The nonlinear curve fitting analysis also yields film densities ρ(T aN ) ≈ 15.9 g/cm −3 , consistent with bulk values. Film phase and composition were also analyzed using x-ray diffraction, shown in Fig. 2B , which confirm the amorphous nature of the a-TaN x films studied here. Broad amorphous peaks at 36
• , 42
• , and 60
• corresponding to the (111), (200), and (220) peaks of FCC δ−TaN are visible in the curve for the thickest (250 nm) sample N0. The curve for sample N1 (36 nm) barely shows the same FCC δ−TaN peaks, as well as peaks at 38
• and 44
• from orthorhombic Ta 2 O 5 (often seen for sputtered TaN x films 43 ), again indicating the 1 nm of tantalum ox- In summary, films studied here are amorphous, continuous, and homogeneously disordered. This is reflected in the electronic properties, which show disorder-limited length scales (such as the mean free path ) much smaller than the film thickness.
III. EXPERIMENTAL DETAILS AND SUPERCONDUCTOR-INSULATOR TRANSITION
Films were patterned into Hall-bar geometry devices (see the inset of Fig. 3 ) and measured using standard low-frequency techniques; see Ref. 34 for additional experimental details. All applied magnetic fields H were perpendicular to the film plane. Care was taken to avoid electron heating during measurements below 1 K and during magnetic field ramps; all ρ xx and ρ xy measurements were confirmed to be ohmic. Reported longitudinal resistivities ρ xx and Hall resistivities ρ xy are 2D (sheet) quantities, unless explicitly noted otherwise. Table I shows electrical transport data for the eight a-TaN x films discussed here, five superconducting (N0-N4) and three insulating (N5-N7). The T c is determined where ρ xx has fallen to 1% of the normal-state value, for consistency. Also shown are the 300 K ρ xx , Hall coefficient R H , and the carrier density n estimated using a single parabolic band model appropriate for these strongly disordered films.
Hall measurements show ρ xy linear in field and generally n-type carrier densities ∼ 10 23 cm −3 , reported in Tab. I. Previous studies observed a change from nto p-carrier type at x ∼ 1.67 44 . Bulk film resistiv-ities are as low as ρ xx ∼ 1 mΩ-cm, depending on the stoichiometry, again comparable to films on the boundary of the stoichiometry-tuned metal-insulator transition. 44 The mean free paths for superconducting films are ∼ 0.1 nm, with k F ∼ 1.0 − 3.0 where k F is the Fermi wavevector. With the exception of the d ∼ 250 nm thick sample N0, all films can be considered 2D in the context of superconductivity (ξ < d) and disorder-induced localization (L φ < d) effects 34, 35 . Figure 3 shows the resistivity for all films as a function of temperature and illustrates the distinct superconducting and insulating ground states available to these materials as the disorder is changed. Similar behavior is observed in materials where the transition is tuned by thickness (such as in Bi 45 ) or otherwise controlling the disorder (e.g. TiN 5 ). The separatrix between superconducting and insulating curves is ρ Q = h/4e
2 , highlighted in the right panel of Fig. 3 that shows the lowtemperature region near ρ Q . The superconducting T c of sputtered TaN films has been reported as high as ∼ 11 K for thick films [39] [40] [41] [42] ; the maximum T c observed here is 6.9 K for thickest (250 nm) film studied, N0. 
IV. ZERO FIELD GROUND STATES
Here we characterize the superconducting and insulating ground states of the a-TaN x films in the absence of an applied field, as the disorder is tuned via nitrogen stoichiometry. Beginning with the highest-disorder samples, Fig. 3 shows strong insulating behavior for samples N5-N7, with ρ xx increasing exponentially with temperature. The upper panel of Fig. 4 shows ρ xx (T) plotted versus T −1/2 , along with straight-line fits of the Efros-Shklovskii form:
where ρ 0 and T 0 are fitting parameters; the values for T 0 range from 50 K for sample N7 to 2 K for N5 as often observed in amorphous insulating materials. 47 The lowest measurement temperatures accessible for the insulating films are ∼ T 0 , hence we cannot conclusively establish the presence of a coulomb gap. However, both samples N6 and N7 are strongly localized insulators with clear hopping transport, and sample N5 is a marginal insulator; none of the insulating films show activated behavior characteristic of the insulating state adjacent to superconductivity in e.g. InO x 26,48 . Less disordered films (N0-N4) with lower nitrigen content x (or increased thickness) show quantum corrected metallic behavior below 20 K, with temperaturedependent conductivity contributions ∆σ(T ) ∼ e 2 π ln(T ) from weak antilocalization and disorder-enhanced coulomb interactions in the normal state. Similar ln(T ) temperature dependence is also observed in the normal state dependence of ρ xy (T ). The lower panel of Fig. 4 highlights the superconducting transition at T c for the samples shown, which ranges from T c0 ∼ 6.35 K (sample N0) to 0.5 K (sample N4). With increasing disorder, the T c of samples N1-N4 is suppressed; this can be attributed to the effect of enhanced coulomb interactions 49 , as demonstrated in MoGe 50, 51 . The increase in disorder arises both from reducing film thickness (samples N0, N1, and N2) as well as increasing nitrogen composition x between samples N2, N4, and (insulating) N5. Resistive transitions are broadened due to enhanced superconducting fluctuation conductivity above T c 34 . Below T c , superconducting films all show a 'foot' arising from a cutoff in the diverging correlation length ξ due to film inhomogeniety 52 or finite magnetic field 53 ; further details of the superconducting properties of these films can be found in Ref. 49 .
V. FIELD-TUNED SIT
Superconductivity can be suppressed with application of critical fields µ 0 H c2 ≈ 1 − 5 T, revealing an insulating normal state as T → 0. Figure 5A is indicated with an arrow. For H < H c the sample is superconducting; ρ xx decreases with decreasing temperature. At high magnetic fields ρ xx shows insulating behavior, diverging as T → 0.
The field-tuned transition between superconducting and insulating temperature dependence is shown for sample N2 in Fig. 5C , which plots ρ xx versus T curves in zero field and in applied fields of up to 6 T. The low-field curves show superconducting behavior with the value of T c gradually suppressed with increasing magnetic field, the 6 T trace shows a negative slope dρ/dT to the lowest temperature available, ∼100 mK, with ρ xx ∼ ln(T ) again as expected for a quantum-corrected diffusive system. This insulating behavior persists unchanged with increasing magnetic fields.
At H c there exists a temperature-independent crossing point, whose appearance is a hallmark for the SIT. In the "dirty boson" scenario for the SIT, the behavior near this quantum phase transition is described by the localization of Cooper paris (or proliferation of vortices) in the presence of disorder at H c . Tuning via magnetic field across the putative quantum critical point at H c allows to investigate the critical scaling behavior in its vicinity.
VI. SCALING NEAR THE SIT
Having identified an apparent SIT in films where disorder has already suppressed T c below the bulk value T c0 , we investigate the critical scaling behavior in the vicinity of the critical field H c . 54, 55 Approaching the field-tuned transition (b-SIT) there is a diverging correlation length ξ ∼ (H − H c ) −ν with critical exponent ν. Nonzero temperatures cut off the vanishing frequency scale Ω ∝ ξ −z , creating an additional length scale L th = ( /k B T ) 1/z (here z is the dynamic critical exponent). Observables such as ρ xx or ρ xy must (in 2D) be a universal functioñ f of the ratio ξ/L th , through
where ρ c is the critical resistance at the transition, predicted in the dirty boson scenario to be ρ c = ρ Q ≡ h 4e 2 . Thus isotherms of ρ xx or ρ xy should collapse above and below the b-SIT when plotted versus the scaling parameter η ≡ H−Hc T 1/zν . The best collapse determines the product zν. Figure 6 illustrates such finite-size scaling for three a-TaN x films, N2-N4. At left the raw magnetoresistance isotherms (in steps in temperature as indicated) cross at a common critical resistance ρ c , with values ranging from 0.6-2.3 kΩ, all well below ρ Q . At right in Fig. 6 are the same data versus the scaling parameter η. All three samples exhibit excellent scaling near H c over a range of temperatures (for sample N2) well below T c , and for samples N3 and N4 approximately up to T c , with values of zν ≈ 1.25. The scaling is disrupted at the lowest temperatures; such behavior has been seen previously in e.g. MoGe 3 and InO x 48 . We also note that values for H c are comparable to H c2 estimated for each of these samples (collected in Table II ). As discussed further below, these results are consistent with the "weak insulating" behavior seen in previous studies across a range of materials (and a range of disorder strengths) 9 . In none of these studies, however, has similar scaling behavior been resolved in the Hall resistance ρ xy ; we consider such data in the next section. is the resistance in the normal state, Tc is the transition temperature, ρc and Hc are the critical resistance and field at the transition, Hc2 is an estimate for the mean-field upper critical field, and z and ν are critical exponents. 
VII. HALL EFFECT
Early studies by Paalanen et al. 33 found a crossing point in ρ xy in strongly disordered InO x films beyond H c , hypothesizing that this reflected the disappearance of the bosonic insulating behavior. Initial theoretical description of the dirty bosons scenario predicted scaling in ρ xy in analogy with ρ xx , with a universal value for ρ c xy :
here againF is universal function, and ρ c xy was predicted to have a universal value. Subsequent analyses suggested that, due to "hidden" particle-hole symmetry, ρ c xy should vanish at the transition 56 ; despite ongoing debate as to the nature of the SIT, there have been no further systematic studies of ρ xy in its vicinity. This is in part due to the challenge of measuring ρ xy in materials where high carrier densities n lead to small signal sizes.
Early scaling theory 54 also predicted that (in the case of a self-dual transition) the value of ρ c xy would, together with the critical longitudinal resistance ρ c , be given by Given that ρ xy is typically much less than ρ Q for noninsulating films, this would lead to the strong prediction of ρ c = ρ Q that has been seen in many, but certainly not all, materials. However, in the weakly disordered a-TaN x films considered here, with large n, R H 1 Ω/T, and thus ρ xy 1 Ω, Eq. 4 would suggest that ρ c ≈ ρ Q . But as seen in the previous section, ρ c ρ Q for all films at the field-tuned SIT, demonstrating that the nonuniversal ρ c in a-TaN x cannot be explained by Eq. 4. Alternatively, a non-universal critical Hall resistance may be estimated as ρ 
VIII. DISCUSSION AND SUMMARY
Having identified both disorder-and field-tuned SIT in a-TaN x , we can immediately address several of the key open questions surrounding this field. First, the critical disorder for the disorder suppression of superconductivity appears to be coincident with the disorder-driven (Anderson) metal-insulator transition. These TaN x films show a metal-insulator transition as a function concentration x, with a critical value x c ∼ 1.7 and a critical resistivity comparable to that observed here 44 . This coincidence is seen in NbSi 29 and NbN 28 , and indicates for the SIT observed in these systems, a direct link between the appearance of (Fermionic) Anderson localization in the normal state, and the SIT.
Second, the superconductor-weak insulator transition (SWIT) observed in a-TaN x appears to be a universal phenomenon. Although the appearance of a true T = 0 quantum phase transition is obscured by the poor scaling and unconventional metallic phase, an increasing number of materials show this phenomenology including MoGe, Ta, some InO x films, and others. In particular critical scaling (with zν ∼ 1.25 ± 0.25) is comparable to the critical exponent for classical percolation zν = 4/3, H c ∼ H c2 (0), and ρ c ρ Q 9 . The presence of metallic (n > 10 22 cm −3 ) carrier densities appears to separate these materials from films of InO x that show Boseinsulator behavior. Progress towards a coherent theoretical picture for the dissipative state 21 will need to take this strong sensitivity to n into account.
Third, we have found evidence for critical scaling in another observable that is complementary to ρ xx . Here ρ xy appears to show a temperature-independent crossing point in both InO x and in a-TaN x ; additional study is required to improve the quantitative analysis of the scaling in ρ xy , but its value at the transition ρ c xy is non-universal. This contrasts with the apparent universality of ρ c ρ Q in the strong disorder limit.
And finally, disorder in these "SWIT" materials cannot be linked to any macroscopic granularity or inhomogeniety. Thorough investigation of the a-TaN x films showed no sign of any length scale for granular behavior in the composition or film structure; local spectroscopic probes may be necessary to study inhomogeniety length scales in the zero-temperatures phases near the SIT.
In summary, we have identified several features of the SIT in a new materials system, a-TaN x . Tuning the nitrogen content gradually suppresses superconductivity and drives a disorder-tuned SIT. Weakly insulating films with disorder-suppressed T c can be tuned via magnetic field through the SIT, and show signatures of the critical behavior arising from an underlying quantum critical point. Films with varying degrees of disorder show scaling consistent with classical percolation, with scaling disrupted at intermediate fields as T → 0. Both ρ xx and ρ xy show non-universal critical resistances at the SIT, and the Hall effect shows weak scaling at a critical field close to H c . Thus, a-TaN x appears to represent a broad class of materials that show rich physics adjacent to the SIT that is distinct from the "classical" picture of disordered bosons.
